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(54) Sliding members and a method of preparation thereof 

(57) The surface (1 5) of a sliding member, such as 
a piston ring (14), is coated with a compound containing 
at least chromium nitride. A columnar crystal structure is 
present in a tension fracture surface of the coating, the 
columns being aligned towards the coating surface from 
the substrate surface. A PVD process such as ion plating 
may be used to fam the coating. The composition of the 
coating may be CrN. CrgN or a mixture thereof in a uni- 
form phase and the crystals of the coating are preferably 
oriented with the (1 1 1) face parallel to the surface. 
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Description 

Industrial Field of Utilization 

5 This Invention relates to sliding members and a method for preparation thereof. In particular, it relates to a piston 
ring with a chromium nrtride based coating, having good abrasion and baking resistance for use in an internal combustion 
engine. 

Prior Art 

10 

In sliding members used in sliding parts of motor car engines or in various machinery, a coating having good^slkjing 
properties is formed on the sliding portion by surface treatment. As surface treatments, nitride treatment, Cr plating 
treatment and Mo flame spraying treatment are known in the prior art. However, the sliding properties demanded of the 
sliding member are becoming nxxe severe owing to high load conditions and in some cases the prior art surface treat- 
15 ments cannot cope. Therefore a coating having improved abrasion and baking resistance is desirable. To satisfy these 
requirements, one solution is to coat the sliding member with metal nitrkJe or metal cartiide by using a Physical Vapour 
Deposition process (hereafter referred to as PVD). PVD coatings such as TiN, TiC and CrN exhibit good abrasion and 
baking resistance. In particular. TiN and CrN are widely used as tiie coating layer in practice and are employed in machine 
and engine parts. 

20 However, conditions of use have recently become still more severe and. even if TiN and CrN are used, conditions 
occur in which they do not provide good sliding properties. In particular, when the contact surfaces are separated by a 
vibrating motion normal to the surface, or when the sliding conditions in use are severe, for example when a loading 
normal to the surface is changed by tiie vibrating motion, the hard coating layers in which the chromium nitride coating 
layer is contained may be peeled off and the life of the sliding member become shortened- Also when tiie temperature 

25 in use is high or when no film of lubricating oil fomis on the sfiding parts because of a high contacting force, peeling of 
the hard coating layer may be observed. In such cases a sWing men*er having a ceramic coating layer that gives better 
peeling off resistance than the surface treatments used at the present time is desirable. 

An outer surface of a piston ring engages an inner surface of a cylinder liner when the piston ring is present in a 
ring groove of a piston which is placed in the cylinder of an engine for back and forth motion. The thickness of a lubricating 

30 oil film produced on the surface of ttie cylinder is controlled and the combustion chamber is sealed by the piston. The 
piston is cooled by transmitting combustion heat to the cylinder liner. Accordingly, abrasion resistance, baking resistance, 
heat resistance, oil retention and minimal abrasion of the cylinder wall are required properties of a piston ring. 

To satisfy these requirements, piston rings having good endurance, abrasion resistance and heat resistance are 
presentiy formed from iron based materials, in which surface treatment is carried out to improve the sliding properties. 

35 Known surlace treatments in the prior art include nitride treatment, Cr plating treatment and Mo flame spraying treatment. 
A piston ring treated with the PVD process, in which the sliding surface is coated witii m^al nitride or metal carbide, is 
disclosed in the Japanese patent laid open publications Hei 1-52471 and Sho 62-120471 as the specific example of 
surface treatment. Good abrasion and baking resistances are exhibited in the coatings of this metal nitride and metal 
carbide and it is noticed that titanium nitride and chromium nitride are especially suitable for the engine. 

40 However, the conditions required for piston rings are becoming still more severe at the present time owing to the 
high power and capacity of engines and cases occur in which tiie surface treatments of the prior art cannot cope. A 
development of the surface treatment is desirable to produce piston rings having good abrasion resistance. 

For instance, though a coating layer of titanium nitride or chronium nitride is excellent, conditions arise in which the 
sliding properties of these ceramic coating layers are insuff icient, namely, problems arise wherein tiie coating layer peels 

45 away from the outer surface of the piston ring. Therefore a piston ring coating in which the ceramic coating has a better 
resistance to peeling than that of tiie prior art is desirable. 

Accordingly, the object of this invention is to provide a sliding member, particularly a piston ring coating, having good 
resistance to abrasion, baking and peeling under tiie severe conditions used; and a method for preparation thereof. 

so Summarv of th Invention 

The Invention provides a sliding member. In which the surface of a substrate is coated with a compound containing 
at least chromium niti'ide. characterized in that a columnar aysfal structure is present in a tension fracture surface of 
the coating, the columns being aligned towards the coating surface from the substrate surface. 
55 The corrposition of the coating is preferably CrN. Cr2N or a mixture thereof in a uniform phase. A foundation teyer 
of chromium may be present between the substrate and the coating. Preferred characteristics of the coating are a porosity 
of from 1.5% to 20% and a microhardness of from 600 HmV to 1000 HmV. The crystals of the coating may be oriented 
with the (1 1 1) face parallel to tiie surface. The coating is typically between 1|im and SOjim thick. 
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The invention also provides a method of preparing such a sliding member by using a PVD process such as ion 
plating to Ibmi a coating on the substrate. 

When compared with coatings used in the prior art. resistance to peeling off. abrasion and baking of the coating 
are superior in this invention. Members coated in accordance with this invention can be suitably used as engine parts 
5 such as the piston ring and cam follower or compressor parts such as the shoe disc and the cutting tool. 

Research has shown that when a gas phase mixture of Cr and N2 is contacted with a substrate in the PVD process, 
a chromium nitride based layer containing CrN as the main component, and in which Cr2N is contained, is formed on 
the substrate surlace. A crystal in a tension fracture surface of the coating layer forms a columnar structure oriented 
towards the coating surface from the substrate surface. Coating porosity is limited to 1.5 • 20%, and a good sliding 
10 member coating, which does not peel and has good abrasion and baking resistance, is obtained. 

The substrate to be coated is preferably selected from iron based materials, aluminium based materials and titanium 
based materials. 

The PVD process explained in detail hereafter involves a lower temperature process, when compared with the 
Chemical Vapour Deposition (CVD) process. However, heating cannot be avoided in vapour deposition so the use of 

IS iron based materials and titanium materials is preferable for the substrate. When the sliding member is a piston ring, 
stainless steels such as 13 Cr and 17 Cr, panel steels, tool steels and nitride treated and Cr plated materials thereof 
can be used as the substrate to be coated. 

When the chromium nitride based layer is highly dense, the coating becomes brittie and peeling off may easily occur 
The tiieoretical density of CrN is 6. 1 4 g/cm3 but more tiian 1 .5% porosity of the coating is needed to prevent the peeling 

20 off the coating. Conversely, when the porosity of the coating is too high, its hardness becomes low and its abrasion 
resistant property is degraded. Accordingly an upper limit of 20% porosity of tiie coating is needed. The porosity of tiie 
coating is easily calculated by measuring the density of tiie coating obtained and comparing it with the theoretical density. 

The coating hardness is affected by the crystal structure of the coating, the porosity, and the crystal orientation. The 
hardness is from about 600 to 1000 as HmV, when measured from tiie surface. When tiie crystal is oriented with tiie 

25 (111) face parallel to the sliding surface, it is more effective to improve the peeling resistance. It is preferable that the 
thickness of tiie coating is from 1 to 80jim: particularly a tiiickness from 35 to SO^tm is preferable. When tiie tiiickness 
is less than l^m. tiie life of tiie coating becomes short through abrasion and when tiie tiiickness is more than SOfim. 
the coating peels off, cracking of the coating occurs and its adhesion strengtii is degraded. Also it is not commercially 
desirable to thicken the coating more ttian necessary. 

30 In the case of a piston ring, tiie tiiickness of the coating is more tiian Ifim in view of the possibility that the surface 
layer may disappear through abrasion at a first stage of operation, whereas tiie coating must be retained after the first 
stage of operation. Meanwhile, it is not commercially desirable to tiiicken the coating more tiian necessary and when 
the thickness becomes greater than 60^m. tiie coating easily aacks and its adhesive sti^engtti is degraded. Accordingly 
60^m or less is preferable for the thickness. However, in applications in which abrasion resistance and endurance are 

35 needed, it is possible to form the coating with a tiiickness of up. to 80^m. 

In this invention, tiie gas phase mixture Cr and N2 is brought into contact witii tiie substrate. PVP processes are 
one way of forming tiie coating and can be basically divided into 3 processes: vapour deposition, sputtering and ion 
plating. In this invention tiie reactive ion plating process, in which tiie substi-ate is coated witii the chromium nitride 
coating produced with reacting of the vapour Cr and N2. is most preferable and the vapour of Cr Is obtained by applying 

40 a high energy beam such as a HCD gun or electron beam to chromium. Also the Cr vapour may be obtained by producing 
the Cr particles from a negative pole, for example in negative pole arc plasma ion plating and sputtering metiiods. 

When a plasma is developed in the gas phase mixture of Cr vapour and N2. Cr is ionized, combines witii the nitrogen 
ions and produces a chromium nifride based compound. A chromium nitride based coating tiien forms on the substrate 
surface. When the amounts of N2 supplied are large, the composition CrN is obtained. When the amounts of N2 supplied 

45 are small, the composition Cr2N is obtained and when the amounts of N2 supplied are st1l smaller, unreacted Cr is 
obtained. 

In the following, this invention is explained by applying the ion plating process. However, the invention is not limited 
to this process. 

First the substrate is washed with a solvent to remove dirt attached to the surface and the substrate is inserted into 
50 a vacuum chamber in tiie ion plating apparatus after refining the substrate. The internal pressure of the chamber is 
reduced to betA/een 1.3 x 10*3 Pa and 5 x 10~3 Pa and the chamber is heated to 300-500*'C. preferably wrtii a heater 
present in the apparatus, to release gas contained in the substrate. After that the chamber is cooled to 1 00-400**C. When 
the internal pressure of chanrber becomes 4 x 10"3 Pa or less, Cr ions are emitted from a target of chromium, toeing 
the negative pole of a generating arc discharged at the target surface. In these circun^tances the substrate is supplied 
55 with a t>ias voltage of preferably 700-900 V and active treatnent and the oxide removing treatment of tiie sut)strate 
surface are done by so-called tx>mbardment cleaning. 

After that, the bias voltage is lowered. Cr ions are accumulated on the subsfrate surface, and nitrogen gas is irrtro- 
duced into tiie chamber and passed tiirough the plasma. The nitrogen gas is ionized by tiiis procedure and an ion plating 
layer is formed on the sut)strate surface with an applied bias voltage of 0-100 V under the nitrogen partial pressure of 
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between 1 .3 x 10*^ Pa and 13.3 Pa. After the coating is formed, the sliding member is removed from the chamber by 
cooling the chamber to 200''C or less. The porosity of the coating can be controlled by adjusting the pressure used. 

According to the method mentioned above, a chromium nitride based coating having specified porosity, good abra- 
sion resistance and baking resistance and showing the columnar crystal structure in the tension fracture surface of the 

5 coating can be formed on the sliding surface of the sliding member. 

The method in which the chromium nitride coating is fonned on the substrateis explained in the above. However, it 
is possible to make a metal foundation layer lie between the coating and the substrate. During formation of the coating 
in the above-mentioned method and before the nitrogen gases are introduced, when the ion plating is done, the metal 
foundation layer of Cr is formed on the substrate. The coefficient of heat expansion of this metat Or foundation layer is 

10 nearly equal to that of the substrate, thereforethe metat Crfoundation layer is not affected by heat stress, and accordingly 
this foundation layer adheres and deforms well. It is preferable to make the thickness of the foundation layer between 
OA]im and 2^m: when the thickness is less than Cl^im, the Improvement In adhesive properties is weak but the effect 
is suffidentty exhibited by a thickness of more than 0.1^m. A thickness exceeding 2[ur\ gives no greater effect so it is 
not commercially desirable. 

15 When a fbundatbn layer having good adhesive and deformation properties is provided between the coating and 
the substrate, peeling of the coating is effectively prevented. 

Drawings 

20 Figure 1 illustrates the super pressure abrasion test apparatus for a frangibiiity test. 

Rgure 2 is a sectional view on line A-A of Figure 1 . 

Rgure 3 shows in outline a rolling fatigue test apparatus. 

Rgure 4 is a sectional view of a piston ring according to the invention. 

Rgure 5 is a sectional view of the ring of Figure 4 fitted to a piston. 
25 Rgure 6 is a photomicrograph of the metallic structure in a coating of the outer peripheral surface of a piston ring 

according to the invention. 

Rgure 7 is a photomicrograph of a metallic structure not having the columnar crystal structure, from a coating used 
in Comparison Examples 3 and 6. 

30 Example 1 

In this example, the material SUS440 was used as the substrate and a negative pole arc plasma ion plating apparatus 
was used in a PVP process. The substrate was washed with Freon and inserted into the vacuum chamber in the ion 
plating apparatus. The internal pressure of the chamber was reduced to 1.3 x 10"^ Pa and it was heated to 300-500''C 

35 to remove the gases contained in the substrate, after which the chamber was cooled to 200''C. When the internal pressure 
of the chamber became less than 4 x 10~3 Pa. a bias voltage of 700-900 V was applied and Cr ions were emitted by 
generating an arc electric discharge. The partial pressure of nitrogen gas introduced to the chamber was then increased 
to approximately 1.3 x 10'^ Pa. a bias voltage of 0-100 V was applied and an ion plating layer having 5^m thickness 
formed on the substrate surface. After formation of the coating, the sliding member was cooled in the vacuum chamber 

40 to less than 200X. 

The structure of the tension fracture surface of the coating, the composition, the porosity and the microhardness of 
surface were examined in the coating ot^tained. The second electronic figure of the tension fracture surface of the coating 
was observed with a scanning electron microscope and the columnar crystals oriented towards the coating surface from 
the sul^strate were confirmed. Also the composition was examined by X-ray diffraction analysis and it was confirmed 
45 that a single phase of CrN had formed and was oriented with the (1 1 1 ) face parallel to the sliding surface. The porosity 
was 3.9% and the surface hardness was 770 HmV. 

Examples 2.3 and Comoarison Exanple 1 

so The baking resistance was estimated for the member of this invention by using a test piece 5, in which three pin 
projections 1 0 comprising the material SKD61 and having length 5mm x width 5mm x height 5mm were placed at equal 
inten/als on a concentric circle. A lO^m thick coating according to this inverrtion was formed on the 5mm square end 
surface of the projections and the baking resistance test was done by using a super high pressure abrasion test appa- 
ratus. The coating of the test piece was formed by the method described in Example 1. The crystals of the tension 

55 fracture surface showed columns oriented towards the coating surface from the sut)strate surface, with the (1 1 1 ) face 
parallel to the sliding surface and the single phase CrN. The porosity of the coating was 3.9% in Example 2 and 2.3% 
in Example 3. In Exarrpie 2, the miaohardness of the coating was HmV 720 and in Example 3 HmV 845. 

As the comparison Example, a test piece was used, in which a lOO^m thickness of Cr plating was formed on the 
5mm square end surface of a pin projection, and the same test was done. 
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The test conditions and the super high pressure abrasion test apparatus are as follows, the test apparatus being 
illustrated in outline by Rgures 1 and 2. 

Lubricating oil is provided at the centre of a disc 2. through an oil entrance in its rear side. The disc is nr^de of a 
complementary material with the dimensions diameter 80mm x thickness 10mm and is detachaWy fitted in a stationary 
5 holder 1. The designated pressure P is applied to the right side as viewed in the Figure by a hydraulic apparatus not 
shown. A rotor 4 is present opposite the disc 2 and is rotated at the designated speed by a driving apparatus not shown 
in the Figure. The test piece 5 is placed in the rotor 4 so as to slide freely, with the sliding surface being the surface 
treated layer formed on the 5mm square ends of the pin projections 10. 

In this apparatus, the designated pressure P is applied to the stationary holder 1 . the pin projections 1 0 contact the 
10 disc 2 at the surface, pressed at the designated pressure, and the rotor 4 is rotated while supplying the oil to the sliding 
surface from the oil entrance at the designated rate (if supplying oil). The pressure applied to the stationary holder 1 is 
increased stepwise at regular inten/als and the torque T on the stationary holder 1 resulting from friction between the 
test piece 5 and the disc 2 due to rotating the rotor 4 is transmitted to a load cell 7 through a rod 6. Changes thereof are 
read with a distortion meter 8 and are recorded on a recorder 9. When the torque T suddenly increases, it is considered 
15 that baking has occurred and the baking resistance is judged by the contact surface pressure at this point. Iron based 
FC25 material is used as the complementary material. 
The test conditions were as follows: 
Friction speed : 8 nVs 
Complementary material : FC 25 
20 Contact surface pressure : From an initial pressure of 20kg/cmf2, the pressure was increased in steps of 1 0kg/cnri^ 

at 3 minute intervals until baking occurred. 
Lubricating oil : motor oil #30. 
Oil temperature : 80*^C. 
Oil supply rate : 250 cm3/minute. 
25 The results obtained are shown in Table 1 . 



TABLE 1 





Pressure when baking occurred 


Example 2 
Example 3 

Comparison Example 1 


280 kg/cm2 
283kg/cm2 
253kg/cm2 



35 

When FC25 material was used as the complementary material, baking occurred at the contact surface pressures 
of 280 and 283 kg/cnl^. When compared with the contact surface pressure 253 kg/cm^ in the Cr-plating of the comparative 
material, the baking resistance was excellent 

40 Example 4 and Comparison Example 2 

The corrosive abrasion test was done with the Kakenshiki test apparatus. The substrate material was SKD-61, the 
test piece had the dimensions length 5mm x width 5mm x height 20mm with a curvature of R6mm in one end surface, 
in which surface the crystals of the tension fracture surtece were in the columnar structure oriented towards the coating 
45 surface from the substrate surface, with the (1 11) face parallel to the sliding surface and a single phase of CrN. The 
coating of Example 4 had a porosity of 3.9%, a thickness of 1 0^im and a microhardness of HmV 770. As the comparison 
example, a Cr-plated test piece having a thickness of lOO^im at the curved end surface was used and the same test 
was done. In the test, the two curved surfaces were both placed in contact with a line in an outer surface of a drum 
shaped complementary member, the designated load was added and rotated at the designated speed. Lubrication was 
50 done by dropping a constant volume of H2SO4 aqueous solution adjusted to pH 2 and the atmosphere was acidic. 
The test conditions were as follows: 
Sliding complementary material : FC 25. 
Friction speed : 0.25 m/s. 
Friction time : 6 hours. 
55 Contact loading : 4 kg. 

Atmosphere : H2SO4 aqueous solution adjusted to pH 2.0 was dropped on the sliding portion at the rate of 1 .5 
cm3/minute. 
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The abrasion of the coatings is shown in Table 2, in which the abrasion measurements are expressed as values 
relative to 100 for the Cr-plating coating. 



TABLE 2 





Surface coating 


Amount of abrasion 


Example 4 

Comparison Example 2 


Chromium nitride 
Cr-plated 


4.3 
100 



7a 

When compared with the Cr-plated coating, the abrasion with this invention was greatly reduced to about 1/30. 
Examples 5 and 6 and Comparison Example 3 

75 

The peeling test of the coating of this invention was estimated by using the roller pitching test apparatus which is 
the roller fatigue test apparatus incorporating sliding. The substrate nrtaterial of the test piece was SCM20 treated with 
a cementation and having roller dimensions 026mm x 28mm. The outer surface of the test piece was coated with the 
coating of this invention in a tiiickness of 45ftm, formed by the method explained in Example 1 . In Example 5, the structure 

20 of the tension fracture surface was columnar crystals oriented towards the coating surface from the substrate surface 
witii the (1 11) face parallel to the sliding surface, and the porosity of the coating was 3.9%. In Example 6, the structure 
of the tension fraction surface was columnar crystals oriented towards tiie coating surface from the substrate surface 
and the porosity of the coating was 2.3%. The mtcrohardness of the coatings was HmV 770 in Example 5 and HmV 845 
in Example 6. As the comparison example, a coating having a thickness of 42fim, with a non-columnar crystal in the 

25 tension fracture surface, a porosity as low as 0.2% and a CrN composition was formed on the surface of the same test 
piece as in Examples 5 and 6, and the resistance to peeling was measured as in Examples 5 and 6. The non-columnar 
crystal structure of Conparison Example 3 is shown in Fig. 7. 

The pitching test apparatus and the test conditions used in tiiis test are as follows, illustrated in outline by Figure 3: 
The load roller 1 2 is present adjacent to the test roller 11 , to which the test piece 1 3 having dimensions 026mm x 

30 28mm is attached, and the designated pressure is applied. The test roller 1 1 is rotated at the designated speed by driving 
apparatus (not shown) and tiie surface treated phase is fonned on the outer surface of tiie test piece 13. The load roller 
1 2 has dimensbns 01 30mm x 1 8mm, the outer periphery has a transverse curvature of R300mm. and is in point contact 
witii tiie test piece 13 microscopically so great pressure can be applied. Also tiie load roller 12 is moved, via a gear 
wheel (not shown), relative to the test roller 11 so ttiere is relative sliding tiierebetween. The sliding rate is given by (Ui3- 

35 Ui2)/U 13. where U13 is the peripheral speed of the test piece and U12 is that of the load roller and can be suitably selected. 
Lubricating oil is poured on tiie contact portions of the test piece 1 3 and the load roller 1 2 through an oil pouring entrance. 
In this apparatus, the designated pressure is applied to tiie test piece 13 and tiie test piece 13 contacts the load roller 
12 at the designated pressure. The lubricating oil is poured into the contact portion at the designated rate and tiie load 
roller 12 is rotated at the designated sliding rate by rotating tiie test roller 1 1 at tiie designated speed. 

40 In the test, tiie surface of the test piece is carefully observed and its peeling resistance is judged by tiie aggregate 
number of rotations when the surface of ttie test piece first peels off. The complementary material of tiie load roller is 
FC25. 

The test conditions were as follows: 

Surface pressure (hertz pressure) : 160 kgf/mm^. 
45 Peripheral speed of the test piece : 82 m/s. 

Sliding rate : 20%. 
Oil used : #30 (base oil). 
Oil flow rate : 1200 cm3/minute. 
Oil temperature : 80^C. 

50 



55 
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The test results are shown in Table 3. 



TABLE 3 





Aggregate rotations when peeling occun'ed 


Example 5 
Exanple 6 

Conrparison Example 3 


More than 2 x 10? rotations 
2 X 107 rotations 
3x103 rotations 



10 

When compared with Comparison example, the peeling resistance was better in this invention. 
' Example 7 

15 

A piston ring 14 according to the present invention and a ctoss section of the coating ISA are illustrated in Figure 
4. Coating of the outer peripheral sliding surface 15 of the piston ring 14 is essential and a coating may also be formed 
on the inner peripheral surface 16 or the upper and lower surfaces 17. 

Figure 5 is a cross sectional view in which the piston 18 furnished with the piston ring 14 is located in a cylinder 
20 liner 19. 

A photomicrograph of the metal structure is illustrated in Figure 6, in which the columnar crystals are present in the 
tension fracture surface of the coating, oriented towards the coating surface from the substrate surface. 

In Example 7, a piston ring having nominal size 095mm x 2.5nnm width x 3.4mm thickness and made from SUS 
440 material was used. 

25 A negative pole arc plasma ion plating apparatus was used in the PVD process. The piston ring sut)Strate was 
washed with Freon and inserted into the vacuum chamber in the ion plating apparatus. After reducing the pressure in 
the chamber to 1.3 x 10*3 Pa. the gases present in the piston ring substrate were removed by heating to 300**-500*'C 
with the heater present in the apparatus. Aftenwards the ring was cooled to 200°C. 

When the chamber pressure became 4.0 x 10~3 Pa or less, a bias voltage of 700 - 900 V was applied, an arc 

30 discharge was generated, and Cr ions were emitted. Next, nitrogen was introduced to the chamber at a partial pressure 
of from 1 .3 X 1 0"3 to 13.3 Pa and the ion plated coating was formed on the outer peripheral sliding surface of the piston 
ring by applying 0 - 100 V of bias voltage. After forn^ation of the coating, the piston ring was cooled to less than 200*^0 
and removed from the vacuum chamber. With the above-mentioned method, a coating having 40pm thickness and CrN 
composition was formed on the outer peripheral surface of the piston ring, in which the columnar structure of the crystal 

35 was present in the tension fracture surface of the coating, oriented towards the coating surface from the substrate surface 
and with the (1 1 1 ) face parallel to the outer peripheral sliding surface. The second electronic figure of the tension fracture 
surface of the coating in the piston ring thus obtained was observed with a scanning electron microscope and the pho- 
tomicrograph is shown in Figure 6. It is confirmed that the columnar structure of the crystals oriented towards the coat'ng 
surface from the substrate surface Is present, that the composition of the crystals is CrN and that the crystals are oriented 

40 with the (1 1 1) fece towards the outer peripheral coating surfece of the ring. 

Examples 9 and Comparison Example 4 

With the same method as Example 7, coatings were formed on the outer peripheral surfaces of the piston rings and 
45 the closed adhesion property of the piston rings was examined. In Example 8, the coating had a CrN composition and 
a thickness of 40nm, in wNch the columnar aystal structure was present in the tension fracture surface of the coating 
and oriented with the (111) face parallel to the outer peripheral sliding surface. In Example 9, the coating had a CrgN 
composition and a thickness of 40M.m, in which the tension fracture surface of the coating had the columnar structure, 
oriented towards the coating memt>er surface from the substrate surface. 
so The measurement of the closed adhesion property was a soK^alled twist test wherein one side of the f itting portions 
of the piston ring was fixed, the other side was twisted and the angle of twist was measured when peeling off the coating 
occurred. As in Comparison Example 4, a ring in which the coating had a thickness of 42jim and a uniform complex ion 
plating of Cr and chromium nitride was fonned on a piston ring having the same material and the same dimensions as 
Example 7. The closed adhesion property of comparison exanple 4 was examined in the same way as Examples 8 and 9. 

55 
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The results of the measurement in Exaoples 8 and 9 and Comparison Exanple 4 are shown in Table 4. in which 
the measurement is expressed relative to a value of 1 .0 for the angle of Comparison Example 4. 



TABLE 4 




Relative angle at which peeling occurred 


Example 8 (CrN) 


7.32 


Example 9 (Cr2N) 


1.17 


Comparison Exanple 4 


1.00 



It is dear from Table 4 that the twist angle at which peeling occurred was large and the closed adhesion property 
was excellent in the coating of this invention when compared to the comparison example. 

Examples 10. 1 1 and Comparison Examples 5. 6 

With the same method as Example 7. coatings comprising crystals oriented with the (1 11 ) face parallel to the outer 
peripheral sliding surface were formed on the outer peripheral surface of the piston rings. In Example 10, the coating 
had a CrN composition and a thickness of 40^^, with the columnar structure of the crystal present and oriented towards 
the coating surface from the substrate surface in the tension fracture surface of the coating. In Example 1 1 . the coating 
had a Cr2N composition and a thickness of 40^m on the outer peripheral surface of the piston ring, including the columnar 
structure of the crystal oriented towards the coating surface from the substrate suriace in the tension fracture surface 
of the coating. 

The piston rings thus formed were put into the top ring in a diesel engine having 4 cydes and 4 cylinders. The test 
using an experimental apparatus was done on a table under the folbwing conditions: 

Rotation speed : 4000 rpm 

Test time period : 100 hours 

Oil temperature : lao^'C 

Water temperature : lOO^'C 
A supercharger having inter-oooler was fumished in the engine. 

The abrasbn of the outer peripheral sliding surface was measured 3 times in the test using the experimental appa- 
ratus. The results are shown in Table 5. As a comparison examples, a Cr-plated coating having a thickness of lOO^^m 
(Comparison Example 5) and a chromium nitride ion plated coating having a thickness of 42fim and not comprising the 
columnar structure (see Fig. 7) in the tension fracture suriace of the coating (Comparison Example 6) were formed on 
the outer peripheral sliding surface of the piston ring and the test using the experimental apparatus was done in the 
same way as Examples 10 and 1 1 . The results are shown in Table 5. 



TABLES 





Abrasion (fim) 




First 


Second 


Third 


Example 10 (CrN) 


3.5 


3.7 


3.6 


Example 11 (CraN) 


3.7 


4.0 


3,9 


Comparison Example 5 


21.2 


18.9 


19.3 


Comparison Example 6 


4.1 


4.5 


4.1 



In Table 5. it is clear that the abrasbn of the piston ring coated according to this invention is reduced to 1/5 when 
compared with that of the Cr-plated piston ring and is reduced to 4/5 when compared with that of the piston ring coated 
with tiie chromium nitride ion plating process. In the diesel engine, sulphur present in a fuel mixes with the engine dl 
during combustion of the fuel and oxidation of the oil is increased. Accordingly, the piston ring is not only frictional and 
abrasive but is also exposed to an atmosphere that accelerates corrosion and abrasion. A piston ring coated with tiie 
coating of this invention displays superior resistance to friction, abrasion and corrosion. 
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Eyamoles 12. 13 and Comparison Example 7 

Coatings were formed on the outer peripheral surfaces of piston rings using the same method as Example 7. In 
Example 1 2, the coating had a thickness of 40^im, a CrN composition and the columnar crystal stnjcture oriented towards 
the coaling surface from the substrate surface in the tension friacture surface of the coating, in which the crystals were 
oriented with the (111) face parallel to the outer peripheral sliding surface. In Example 13, the coating had a thickness 
of 40^im. a Cr2N composition and a columnar crystal structure oriented towards the coating surface from the substrate 
surface in the tension fracture surface of the coating. The piston ring was put into the top ring of a diesel engine having 
4 cycles and 4 cylinders and the test was done using experimental apparatus under the following conditions: 

Rotation speed : 4000 rpm 

Test time period : 100 hours 

Oil temperature : 120'C 

Water temperature : 100°C 
A super charger having an inter-coder was furnished in the engine. 

Peeling of the outer peripheral sliding surface of the piston ring w£^ observed in the test using the experimental 
apparatus. The results are shown in Table 6. 

As a comparison example, a piston ring formed with a coating having a thickness of 42|xm and comprising a complex 
ion plated coating having a uniform phase of chromium nitride and Cr and not having the columnar structure in the 
tension fracture surface of the coating (Comparison Example 7) was tested as Examples 1 2 and 1 3. The result is shown 
in Table 6. 



TABLE 6 





Peeling of each cylinder 




1st 


2nd 


3rd 


4th 


Example 12 (Crtsi) 


No 


No 


No 


No 


Example 1 3 (Cr2N) 


No 


No 


No 


No 


Comparison Example 7 


Yes 


Yes 


Yes 


Yes 



As shown in Table 6. the piston rings coated with the coating of this invention did not peel In each case and were 
remarkatrfy improved when compared with a piston ring having chromium nitride coated with the ion plating process and 
a non-columnar aystal structure in the tension fracture surface. 

Example 14 

A piston ring having nominal dimensions 095mm x 2.5mm width x 3.4mm thickness and made of SUS440 material 
was used in ttis example. A negative pole arc plasma ion plating apparatus was used in the PVD process. 

The piston ring substrate was washed with Freon and inserted into the vacuum chamber of the ion plating apparatus. 
After reducing the chamber pressure to 1.3 x 10'3 Pa, the gases present in the piston ring substrate were removed by 
heating to 300-500*^C with the heater present in the apparatus and subsequent cooling to 200^C. 

When the chancer pressure became 4.0 x 1 0"^ Pa or less, a bias voltage of 700-900 V was applied, an arc discharge 
was generated and Cr ions were emitted. Aftenflaids, the nitrogen was introduced to the chamber at a partial pressure 
of about 1 .3 X 10*3 - 13.3 Pa and an ion plated coating was formed on the outer peripheral sliding surface of the piston 
ring by applying a bias voltage of 0-1 00 V. After the coaling had fonmed, the piston ring was cooled to less than 200**C 
and removed from the vacuum chamber. 

With the above-mentioned method, a coating having a thickness of 40nm, a porosity of 3.9% and a chromium nitride 
composition was formed on the outer peripheral surface of the piston ring, in which the columnar crystal structure was 
present, oriented towards the coating surface from the substrate surface in the tension fracture surface of the coating 
(Example 1 4). The porosity of the coating was calculated by measuring precisely the weight before and after the coating 
and dividing the difference by the coating volume. A second electronic figure of the tension fracture surface of the coating 
was observed with a scanning electron microscope and the photomicrograph is shown in Figure 6. It is confirmed that 
crystals having a columnar structure are present and oriented towards the coating surface from the substrate surface. 
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Examotes 15. 16 and Comparison Example 8 

Using the same method as Example 14. coatings were tbnned on the outer peripheral surfaces of piston rings. In 
Example 15. the coating had a CrN composition, a porosity of 3.9% and a thickness of 40nm, the columnar aystal 
structure being present in the tension fracture surface of the coating, oriented towards the coating surface from the 
substrate surface. In Example 16, the coating had a CrN composition, a porosity of 2.3% and a thickness of 40^m. 

The closed adhesion properties of the piston ring coatings thus formed were measured using the twist test described 
in relation to Examples 8 and 9 above. As Comparison Example 8, a ring having the same material and the same 
dimensions as Example 14 and a chromium nitrkie coating having a porosity of 0.2% and a thickness of 38^m was 
formed and the closed adhesion property of the coating was measured in the same way as Examples 15 and 16. The 
results obtained in Examples 15. 16 and Comparison Example 8 are shown in Table 7. in which the measured value is 
expressed as a value relative to a twist angle of 1 .0 for Comparison Example 8. The microhardness of each coating is 
also indicated. 



TABLE 7 





Relative twist angle 


Microhardness (HmV) 


Example 15 


1.33 


770 


Example 16 


1.15 


885 


Comparison Example 8 


1.00 


1680 



As shown in Table 7, when the coating of this invention is compared with Comparison Example 8. the twist angle 
at which peeling occurred was large and the dosed adhesion property was superior. 

Exgmpigg 17, 18 and Comparison Examples 9. 1Q. 1 1 

Using the same method as Example 14. coatings were formed on the outer peripheral surfacse of piston rings. In 
Example 17, the coating had a thickness of 42^im, a porosity of 3.9% and a CrN composition, in which the columnar 
stnjcture of the crystal was present, oriented towards the coating surface from the substrate surface in the tension 
fracture surlace of the coating and with the ( 1 1 1 ) face parallel to the outer peripheral sliding surface. In Example 1 8. the 
coating had a thickness of 40^m, a porosity of 2.3% and a CrN composition. The piston rings obtained were put into 
the top ring of a diesel engine having 4 cydes and 4 cylinders and the test was done using the experimental apparatus 
under the following conditions: 

Rotation speed : 4000 rpm 

Test time period : 100 hours 

Oil temperature : 120*C 

Water temperature : lOO^'C 
A supercharger having an inter-oooler was furnished in the engine. 

The atxasbn of the outer peripheral sliding surface was measured 3 times in the experimental apparatus and the 
results are shown in Table 8. 

As oonparison examples, piston rings were coated and the same tests were done as Examples 17 and 18. Com- 
parison Example 9 comprised a Cr-plated coating having a thickness of lOO^im. Comparison Example 10 comprised a 
chromium nitride ion plated coating having a thickness of 42^m and a porosity of 0.2%. Comparison Example 1 1 com- 
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prised a CrN coating having a thickness of 40nm and a porosity of 23.5%. These results are also shorn in Table 8. 



TABLES 





Abrasion (^m) 




First 


Second 


Third 


Example 17 


3.8 


4.1 


3.9 


Example 18 


3.6 


3-8 


3.7 


Comparison Example 9 


21.2 


18.9 


19.3 


Comparison Example 10 


4.0 


4.2 


4.0 


Comparison Example 1 1 


5.2 


4.9 


5.1 



As shown in Table 8, when the piston ring coated with the coating of this invention was compared with a piston ring 
having a Cr-plated coating, abrasion was reduced to 1 /5, and when compared with a piston ring coated with the chromium 
nitride produced by the Ion plating process and having high density and low porosity, abrasion was equal or less. A 
20 chromium nitride coaling having larger porosity than the coating of this invention displayed less resistance to abrasion 
than the coating of this invention. 

Eyamples 19. 20 and C omparison Example 12 

25 Using the same method as Example 14. coatings were fonned on the outer peripheral sliding surfaces of piston 
rings. In Exanple 19, the coating had a CrN composition, a thickness of 42jtm and a porosity of 3.9%. in which the 
columnar ayslal structure was present in the tension fracture surface of the coating, oriented towards the coating surface 
from the substrate surface, and with the (111) face parallel to the outer peripheral sliding surface. In Example 20. the 
coating had a thickness of 40jim, a porosity of 2.3% and a CrN composition. The piston rings obtained were put into 
30 the top ring of a diesel engine having 4 cylinders and 4 cycles and the test was done using the experimental apparatus 
under the following conditions: 
Rotation speed : 4000 rpm 
Test time period : 100 hours 
Oil temperature : 120*C 
35 Water temperature :1 00**C 

A supercharger having an inter cooler was furnished in the engine. 

The state of peeling in tiie outer peripheral sliding surfaces was observed. 

As a comparison example, a piston ring having a chromium niti'ide coating with a thickness of 42^m and a porosity 
of 0.2% was formed (Comparison Example 12) and the test was carried out using the same method as Examples 19 
40 and 20. The results are shown in Table 9. 



TABLE 9 





Peeling of each cylinder 




1st 


2nd 


3rd 


4tii 


Example 19 


No 


No 


No 


No 


Example 20 


No 


No 


No 


No 


Comparison Example 12 


Yes 


Yes 


Yes 


Yes 



As shown in Table 9, peeling of tiie coatings did not occur in the piston rings coated with the coating of tiiis invention 
but peeling did occur in the piston ring coated with chromium nitride having tiie small porosity produced by the ion plating 
55 process. The piston ring with tiie coating of tiiis invention was remarkably resistant to peeling. 
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1. A sliding member, in which the surface of a substrate is coated with a compound containing at least chromium 
nitride, characterized in that a columnar crystal structure is present in a tension fracture surface of the coating, the 
columns being aligned towards the coating surface from the substrate surface. 

2. A sliding member according to daim 1 . wherein the porosity of the chromiun nitride based coating is between 1 .5% 

and 20%. 

3. A sliding member according to claim 1 or claim 2, wherein the crystals of the chromium nitride based coating are 
oriented with the (1 11) face parallel to the surface of the coating. 

4. A sliding member according to any preceding claim, wherein the microhardness of the coating is between 600 HmV 
and 1000 HmV when measured from the surface of the coating. 

5. A sliding member according to any preceding claim, wherein a foundation layer of chromium is present between 
the coating and the substrate. 

6. A sliding member according to any preceding claim, in which the thickness of the coating is between 1 and 80|im. 

7. A sliding member according to any preceding claim, wherein the chromium nitride of said coating comprises CrN, 
Cr2N or a mixture thereof. 

8. A sliding member according to any preceding daim, characterized in that the sliding member is a piston ring in 
which the coating is formed on at least an outer peripheral sliding surface of the piston ring. 

9. A method for manufacturing a sliding member according to any preceding claim, characterized in that the coating 
is formed by contacting a gas phase mixture containing chromium and nitrogen with the substrate in a Physical 
Vapour Deposition process. 

10. A method according to daim 9, wherein the coating is fomied by an ion plating process. 
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